Thirteen infants born into the lead contaminated environment of Port Pirie, South Australia, were followed approximately monthly from birth until they were about 36 months. Blood-lead levels of infants at birth were similar to their mothers but fell rapidly during the first 35 days of life. Thereafter, infants born with blood-lead levels at about 2-4 mg/dl began a slow linear increase until 14-18 months where a plateau occurred of 10.8-17.2 mg/dl. The bloodlead levels were well correlated with hand-lead loadings of infant (r 2 ¼ 0.72, Po0.01, log transformed data) and mother (r 2 ¼ 0.62, Po0.01, log transformed data) unless the birth lead level was exceptionally high. The principle factor determining exposure was thee impact of smelter emissions on the house. Blood-lead increase was caused by the relatively more rapid increase in dose of lead compared with the increasing body mass, which was related directly to the maturation of motor development. Hand-lead of mothers were closely related to both infants' blood-and hand-lead levels until the point of blood-lead plateau then substantially fell as infants began to walk unaided. The estimated slope factor using the ICRP model was 0.75-0.94 mg/dl per mg/ day with a maximum daily dose of 3-5 mg/kg/day, assuming 45% absorption. Ingestion appears to be the most likely route for at least 95% of the dose.
Introduction
The toxicity of lead is well established, especially its effect on the intellectual development of children. The continued non-occupational exposure to lead by some communities has prompted further studies of the impact of low-level exposure (Lanphear et al., 2005) . The understanding of the severity of the consequence of lead exposure has prompted specific preventative measures such as the removal of lead from food containers and from petroleum products used in motor vehicles. The latter has dramatically reduced lead in air concentrations in major urban populations with a subsequent dramatic reduction to lead exposure to those communities (MMWR, 2005) . However, despite this public health progress, some communities are still exposed to excessive levels of lead (e.g., Maynard et al., 2003; Gulson et al., 2004) . One of these communities is Port Pirie, where the world's largest lead smelter is located.
The dose of lead required to achieve and maintain bloodlead levels in excess of recognizable action values (10 mg/dl) is extremely small compared with the total mass of substances ingested each day by an infant. It is, therefore, understandable in an environment that is contaminated by continuous emissions of metals, including lead, that infants have elevated blood-lead levels. Port Pirie, with a population 13,450 (2001 census) , is located in a semi-arid environment 230 km north of Adelaide, South Australia (Figure 1 ), being established in 1889 and has been exposed to considerable quantities of lead and other metals (Tiller et al., 1975) . Although elevated blood-lead levels were thought to be solely due to lead emitted many years earlier (historic lead contamination hypothesis e.g., Body et al., 1988) it has been demonstrated that the contamination of the city is substantial and ongoing (Maynard et al., 2003 (Maynard et al., , 2006 .
Historically, studies have focused on exposure arising from contamination of surfaces, whether objects or body parts such as the hand, which are placed in the mouth. For instance, Bornschein et al. (1985) showed convincing evidence of a strong relationship between surface lead, hand-and blood-lead of infants aged 9-24 months while Lanphear et al. (1998) pooled data from 12 studies and demonstrated the importance of contaminated surfaces of houses in the exposure pathway of children. An analysis of various lead exposure studies suggests the surface-handmouth exposure pathway to be common to all studies for children under 72 months . However, these studies generally investigated children who were mobile and over 12-18 months of age. There are few data for infants less than 6 months. Infant blood-lead levels in Port Pirie indicate significant exposure occurs before they are mobile, which raises the question of exposure mechanisms or routes.
In the neonate (1-28 days old) and young infant (1-6 months) the surface-hand-mouth route is limited by underdeveloped motor control. Nevertheless, infants (1-23 months old) have been shown to have rising blood-lead from birth. For example, Gulson et al. (1999) found some infants' blood-lead began rising at 60 days, but Manton et al. (2000) found little lead on hands of infants. A more recent study (Kranz et al., 2004) demonstrated that infants as young as 5 weeks have contaminated hands of sufficient magnitude that involuntary mouthing of objects may be the principal exposure route. Significantly, young infants can be exposed to sufficient lead to cause elevated blood-lead levels at a very early age, although identifying at which age and at what level an infant is most vulnerable to lead's toxicity is difficult.
Also of interest is the change in the physiological handling of lead as the infant ages, and in particular, whether the neonates' blood-lead levels are more responsive to the dose of lead than older children, which may be important when determining the susceptibility to lead toxicity. Many have investigated the kinetics of lead with the development of well founded models (e.g., Leggett, 1993; US EPA, 1994; O'Flaherty, 1995) . These have defined, although not always clearly, differences between young and older infants. For instance, although it is well known that the fraction of lead absorbed from the gut is much higher in the child than adult, the difference between the neonate and infant is less well understood. Gulson et al. (1999) argues that the reservoir of lead accumulated in bone while in utero is important for determining later blood lead levels, especially in city nonsmelter exposed dwellers. This may be correct for blood levels that are relatively low. However, the size of this store relative to the increasing body mass in a rapidly growing neonate should be considered. Port Pirie blood-lead levels of at least half the child population exceed 10 mg/dl raising the question of the significance of the bone store in the overall blood-lead kinetic picture. As concentration of lead in a given reservoir is related to its size it is clear that in a rapidly growing infant, unless mass of lead entering each compartment is increased at least proportionally, the concentration of lead in that compartment cannot be maintained.
This paper presents a cohort study of 13 infants living in Port Pirie with the primary aim of documenting changes in blood-lead levels from birth along with factors that may be influencing those changes. In particular, the study aimed to answer the questions: at what point did the blood-lead begin to rise after birth and what was the shape of the blood-lead curve particularly during the first 18 months of life? During the study, an attempt was made to explore potential exposure pathways, in particular the role of hand-lead loadings. Few have attempted to measure the lead levels of blood and hands of parents and infants concurrently over a prolonged time period. An attempt was also made to estimate the change in dose of lead with age on a body weight basis in order to explore the magnitude of exposure in terms of mass of lead ingested and the impact of the increases in compartment size with age on blood-lead levels.
Methods
Expectant mothers were recruited after families were invited to participate and given details of the project, highlighting the voluntary nature of ongoing participation. During the study, the usual educational program and case management of infants with elevated blood-lead levels, conducted by the Department of Health's Port Pirie ''Environmental Health Centre'' (EHC), continued without modification. From 1 week post-birth an employee of the EHC visited each mother approximately 4-6 weekly, conducting 16 sessions in all. The interviewer conducted a blood test (infant and mother), handwipe test (session 3 onward: infant, mother and father, if possible) and executed a questionnaire. Following the study infants continued the usual routine blood testing program conducted by the EHC (see Maynard et al., 2003) .
Blood-lead tests were carried out by capillary method as described in the Australian Standard, 1983 : AS2636-1994 . Blood-lead was analyzed using graphic furnace AAS, by Zinifex Pty Ltd (formally Pasminco) laboratory, in accordance with Australian Standards AS2411-1993 and AS4090-1993. The laboratory participates in several national and international reference programs. To ensure integrity of the capillary method of sampling comparison with venous sampling is performed on a routine basis, by taking blood using both methods from the same subject (Maynard et al., 2003) . The infants' handwipe samples were collected by the interviewer with pre-moistened disposable washcloths (Wet Ones s ) after firstly washing her own hands thoroughly with a solution of triclosan (pHisoHex s ) then drying with a clean disposable towel. This was followed by thoroughly wiping her own hands with a washcloth (Wet Ones s ) that was used as an interviewer ''blank''. The caregivers (mother and if possible father), after being shown how, thoroughly wiped their own hands with pre-moistened washcloths (Wet Ones s ) with the interviewer present. Details of the activities of the subjects immediately prior to the handwipe, focusing on location of activity and hand-washing, were recorded. Washcloths were placed into pre-labeled, acid washed sample jar, sealed, and stored at 5-71C until analysis, which was conducted by Chemistry Centre WA (East Perth, Western Australia) using ICP-MS (detection limit 1 mg per wipe).
To ensure tubes, washcloths and bags were not contaminated with lead, samples from each batch (the same batch was used throughout the trial) were tested for lead. Further, with each testing episode (infant and parent) a blank tube, washcloth and bag was also tested along with the environmental sample.
Hand-lead data were collected as mass per two hands, however, for comparative purposes all hand-lead data were converted to mass per unit area of the subject's hands (mg/m 2 ). The adults total hand surface area (two hands) was estimated to be 990 and 817 cm 2 for males and females, respectively (US EPA, 1997). The infants' hand surface area was based on calculating their body surface area using the formula of Mostellar (in Kemp et al., 1997) and the percentage area the hands contributed to total body surface area from work of Cowan and Conley (1973) and Nagel and Schunk (1997) : 2.8 and 2.6% of total surface area for boys and girls, respectively.
A kinetic model was constructed using Mathematica s (version 5.1, Wolfram) based on the ICRP biokinetic model for lead (Leggett, 1993) , with solutions to the ordinary differential equations calculated using a Mathematica module provided by Guillermo Sanchez (SysModel, guillerm@usal.es, version 0.8 2002-09-20 , http://web.usal.es/ guillerm/). Partition rate constants were scaled according to age, as was weight, which was calculated using the algorithm of O'Flaherty, 1995. Initialization of compartment loads was obtained by simulating a quasi-fetus model of a growing fetus until 280 days where the fetal input was direct to diffusible plasma. The input dose was derived empirically so that the final blood-lead was equivalent to the geometric mean of mother's blood-lead based on whether they lived in the high-risk or the low-risk areas of Port Pirie. Estimation of infant dose was calculated by iteration using least squares method to determine the best model.
A breast milk sample was taken at the second visit using the following method. The mother washed her hands with triclosan solution (pHisoHex s , GlaxoSmithKline Consumer Healthcare) followed by wiping her breast with a clean disposable washcloth rinsed in warm water. Milk was expressed (usually 10 ml) using a breast pump, which was subsequently placed into an appropriately labeled tube. The breast pump was cleaned between uses, using initially warm water and detergent, followed by soaking for 2-4 h in sodium hypochlorite solution (Milton s ). The entire apparatus was subsequently rinsed in distilled water, dried, and stored in a plastic container.
At each session, details were collected by questionnaire on: immediate and past location of child (e.g., in bed, on floor, outside), stage of motor development, health and well-being of the infant and mother, the infant's living environment (sleeping, playing details etc), the family (occupation, smoking, pets, house renovation details), and the weight and length of the infant.
Statistical analyses were carried out using SPSS version 10 (SPSS Inc.). Blood-and hand-lead data were normalized using the natural logarithm of the value. Other variables were tested for normality with the Kolmogorov-Smirnov test and transformed if appropriate. Where possible, summary data were compared. The total area under the curve (AUC) for infant blood-lead was calculated using trapezoids, then normalized to mg/dl, giving a summary estimate of the total lead exposure (Mathews et al., 1990) . Repeated measures tests were performed using natural log transformed data. Risk area has been defined by others and is based on the blood-lead levels. The partial eta squared (Z 2 ) value was used to determine the degree of association in general linear models, being a measure of effect size. For the purpose of this report, motor development was categorized by the accomplishment of locomotion milestones only.
Results

Blood-and hand-lead
Thirteen mothers were recruited over a period of 5 months who delivered a total of 14 infants, eight boys and six girls. One infant (male) was withdrawn from the study after the second session (1 month) and is not included in these analyses and another male (infant 7) was withdrawn after session 10 (9 months), whose data are included where possible. The residences of the families were scattered across the city although none were more than 4 km from the center of the smelter. The uneven distribution of gender across risk areas (twice as many males lived in the low-risk area than females) made interpretation of gender-based data difficult.
Within 10 days of birth both mothers and babies had their blood-lead levels measured (range 1-26 mg/dl). Infant levels were approximately 83% (95% CI: 67, 100) of their mothers blood-lead level with the mothers level being a good predictor of the infants (F ¼ 67.9, Po0.001). The time course for the blood-lead data for mother and infant is summarized in Figure 2 , which indicates the strong upward trend from 2 to 3 months. All infants who stayed in the study exceeded 10 mg/dl at some stage, four infants exceeded 15 mg/dl with the highest recorded level being 44 mg/dl (range at end of study 5-26 mg/dl). (The infant who was withdrawn continued having routine yearly blood-lead monitoring and had not exceeded 8 mg/dl by 36 months).
Overall the infant blood-lead profiles had a number of common characteristics. Immediately after birth blood-lead levels of the infants fell for 1-2 months to approximately 47% of birth blood-lead level unless they were born with very low levels of B1 to 2 mg/dl. After this initial fall all infants' blood-lead levels rose with age until approximately 12 months old, after which some began to plateau, with most blood-lead levels beginning to fall after 18 months of age. Peak geometric mean blood-lead level for infants living in the high-risk area occurred at 12.4 months (17.2 mg/dl, range 10-43 mg/dl) and low risk at 18.0 months (10.8 mg/dl, range 7-15 mg/dl). Most monthly changes in blood-lead were of the order 1-2 mg/dl, the largest being between sessions 9 and 10 (7.5-8.5 months). No explanation could be found from the questionnaire data for many of these fluctuations. Residential relocation appeared to be important for infant 11. At 9 months this infant, who had very elevated blood-lead levels, jumped by more than 16 mg/dl between the sessions. Relocation, encouraged by the EHC case workers coincided with an equally precipitous fall. However, the family then relocated to their original address a few weeks later with a subsequent rise in blood-lead to 43 mg/dl. The family finally relocated to a small town just outside of Port Pirie with a corresponding fall in blood-lead.
Blood-lead levels of mothers all remained stable rising or falling by only 71 to 4 mg/dl over the first year except the mother of the infant 1 whose blood-lead fell, after giving birth, from 25 to 14 mg/dl but subsequently rose to 35 mg/dl before testing discontinued. It was considered that the ingestion of rainwater was the cause of the elevated bloodlead level in this individual although a full investigation was not permitted (rainwater is not considered potable in Port Pirie due to lead and other heavy metal contamination). The overall geometric mean blood-lead level of study mothers was 4.7 mg/dl, which was higher than the general Port Pirie pregnant female population's geometric mean of 3.5-3.7 mg/dl. Hand-lead loadings of infants were measured from session 3 along with their parents, if available. Unlike blood-lead values, hand-lead levels did not rise uniformly with age (range 10-157 mg/m 2 /month). The median loadings by session appear to fall into four groups, corresponding to the mobility stage of the infant: (1) There also appeared to be a gender bias with boys having higher loadings (Table 1) , which was mirrored in the mother and perhaps the father as well, with parents of boys having higher hand-lead loadings, but given the small sample size no firm conclusions could be drawn. Fathers generally were unavailable for testing (total number of samples: 54, number of subjects tested: 12). Two fathers were measured on nine occasions and one father 10 times. Adult males had the highest hand-lead loadings with one father's hands loaded with 1250 mg of lead per hand (25253 mg/m 2 ). In all, the loadings were quite variable with approximately an order of magnitude between the median and 95th percentile. In summary: approximately 75% of the samples from male adults had o700 mg/m 2 (69 mg/hand), 75% of the samples from mothers had o150 mg/m 2 (12 mg/hand) and 75% of the samples from infants had o544 mg/m 2 (13 mg/hand).
Two summary variables were used in an attempt to characterize blood-lead profiles and the interactions of factors with them. Given the general upward trend of blood-lead levels from about 2 months of age a linear regression model (age as independent variable) was applied from the time of minimum blood-lead to the maximum. This described the infants' blood-lead profile well: adjusted r 2 were 40.62, except for infant number 7, with males and those living in high-risk areas tending to have a steeper slope ( Table 2 ). The median slope for females was 0.022 mg/dl/day and for males 0.046 mg/dl/day. By risk regions, the median values were nearly identical (0.022 mg/dl/day for high-risk and 0.027 mg/dl/day for low-risk). As could be expected the (log transformed) AUC was closely related to the slope Table 2 . Summary of infant characteristics in ascending order of AUC. Slope is from minimum blood-lead to peak. The risk area is a local designator based on the blood-lead levels. Blood-lead and hand-lead are both geometric mean values Blood-and hand-lead of infants living near a smelter Simon et al.
(adjusted r 2 ¼ 0.69, which was significant at the 0.01 level: P ¼ 0.009) but insufficient data prevented a clearer understanding of the relationship with the point at which the blood-lead level began to increase. Unlike slope, infants from the high-risk area appeared to have larger AUC (median 11.5 vs. 7.0 mg/dl for high and low risk, respectively) but this was not statistically significant. Figure 3 indicates a relationship between blood-lead of the infant and the measured lead parameters of the child (handloading) and mother (hand-and blood-lead), with a weaker and non-statistically significant relationship with the father (hand-lead), perhaps due to the incomplete data sets in the case of the fathers. Ten infants had significantly positive correlations (Po0.05) between log transformed blood-and hand-lead loading. Approximately 46% of the variance of the infants AUC could be explained by the geometric mean hand-lead loading of the infant (F ¼ 26, Po0.001), with 60% being explained by the mother's geometric mean handlead loading (F ¼ 19, Po0.001) and geometric mean mother's blood-lead explaining 46% of the infants' AUC (F ¼ 11, Po0.006). The slope of the rapid rising portion of the blood-lead curve was not related to hand-lead of the child (F ¼ 4.39, P ¼ 0.060), but weakly related to mothers hand-lead (F ¼ 5.71, P ¼ 0.036). In all, eight infants had significantly positive correlations between their hand-lead and that of their mother (Po0.05) on regression. The mothers' own geometric hand-lead loadings were related to their own geometric blood-lead (F ¼ 11, P ¼ 0.006). 
Factors that influenced lead levels
Data were examined both on an individual and group level to investigate the relationship between increments in blood-lead and achievements in developmental stage. The first observed accomplishment of each particular ''mobility'' stage is summarized in Table 3 along with blood and hand-lead averages. Infants, as expected, progressed through a series of developmental milestones, however, not all were recorded for each infant. Some jumps in development occurred, perhaps due to parents recalling only the most recent event. By session 9, all infants were sitting and some were creeping or crawling with one standing (supported). Thereafter, infants began to walk supported and by session 15 walked unaided.
The two largest increments in blood-lead occurred between sessions 7 and 8, and sessions 10 and 11, with the largest increments in hand-lead between sessions 6 and 7 and 12 and 13. Between sessions 7 and 9 more infants achieved more milestone increments than between any other sessions. However, no single advancement (e.g., progression from creeping or rolling-over to crawling) increased the blood-lead any more than the other, although there appeared to be a consistent fall in hand-lead loadings after the infants began to walk unaided. Between session 13 and 16 cohort geometric hand-lead levels fell from 584 to 356 mg/m 2 as progressively more infants walked unaided. Blood-lead levels changed little over this period. Overall, in this small sample, no relationship between blood-lead level and accomplishment of a developmental stage could be found.
For the purpose of management, the city of Port Pirie is divided into risk areas designated high-and low-risk, based on the proportion of children with blood-lead 715 mg/dl. In a repeated measures model ''risk area'' showed a weak to no influence on blood-lead (F ¼ 5.29, P ¼ 0.044), with a small partial Z 2 value of 0.35. This was even weaker for hand-lead (F ¼ 0.488, P ¼ 0.058). The summary variables AUC, slope or geometric mean hand-lead were not differentiated by risk area. Risk area can be typified by house envelope type. In this study, house envelope (solid or sheet material, often corrugated iron) did not influence blood-lead (F ¼ 4.5, P ¼ 0.06, Z 2 ¼ 0.33) and had no effect on hand-lead. Owing to the small numbers of each sex, it is difficult to understand the influence of gender on lead variables. Males tended to have a higher, but not significant AUC compared with females, (P ¼ 0.086, males: 11.2 mg/dl (range 6.8-25.9), females: 6.46 mg/dl (range 2.4-13.8), which was also reflected in the slope. In a repeated measures model with blood-lead partitioned by gender there was little interaction, (F ¼ 7.4, P ¼ 0.030) and there was no interaction between gender and risk area (F ¼ 0.01). There was also no significant difference in hand-lead loadings by gender, however, the males (infants and fathers) tended to have higher levels in all cases (Table 1) .
Eleven infants were breast fed from birth but by the 14th session only three infants were still breast fed, although solid foods had also been introduced. However, there were some differences in breast feeding among the cohort. For example, only one infant was fed more than 3 months in the high-risk area. Overall, infants from the high-risk area were less likely to be breast fed, and if they were, they were breast fed for a much shorter time than those in low-risk (and more affluent) areas (breast feed 440% diet, months fed vs. risk area, F ¼ 9.0, P ¼ 0.012). All milk had o0.5 mg/dl except that from the mother of infant 1 whose milk had a lead level of Blood-and hand-lead of infants living near a smelter Simon et al.
2.8 mg/dl with a corresponding blood-lead level of 25 mg/dl. It was observed that mothers who breast fed tended to have lower hand-lead loadings while breast feeding but was not statistically significant.
Teething infants tended to have elevated hand and bloodlead, but insufficient data prevents further analysis. The number of illness episodes may also be related to blood-lead (repeated measures, P ¼ 0.023 Z 2 ¼ 0.123) but classification was difficult, especially when differentiating between teething and illness status.
The location of the infant at time of testing was coded into three categories (on floor, outside or other). The median hand loading (all results) for infants on the floor was 333 mg/m 2 (n ¼ 58), outside 867 mg/m 2 (n ¼ 11) compared with all other locations: 110 mg/m 2 (n ¼ 101). Comparison of these data is confounded by age. Infants o5 months of age group were not found on the floor, while often those found outside were all older than 10 months.
A number of other potential modifiers were examined including season of birth, occupation (too diverse to analyze), smoking, keeping of pet (nine households had no pet), bed type (cot, cradle, bassinette), location within house of sleeping, method of clothes drying (external line vs. mechanical dryer): all of which were not be found to be associated with hand-or blood-lead. Hand-lead tended to be higher if the child had washed 15-30 min prior to the visit, but the data is difficult to interpret, due to poor recall of the mother as to the exact time of washing. The potable water supply meets Australian Drinking Water Guidelines for lead (o10 mg/l) with no sample exceeding 2.5 mg/l (pers. comm. SA Water). Locally collected tank rainwater usually contains much higher lead concentrations.
Two of the female babies were twins (ID 8 and 9), born approximately 1000 g lighter than the others and somewhat shorter in length (B6 cm shorter). Their blood-lead time series were very similar, never differing by more than 2 mg/dl. Their maximum hand loadings were also similar (1222 and 1416 mg/m 2 ). There were a number of risk factors for the twins: the father worked at the smelter, the residence was on the border of a high-risk area, up to 10 dogs inhabited the property and the mother smoked for at least 10 months of the study. One mitigating factor was the lounge room carpet had been renewed when the infants were about 3 months old. Nevertheless the twins' ranked (in a ranking of all infants in ascending order) fifth and sixth for slope (age vs. blood-lead) and sixth and seventh for AUC and sixth and seventh for geometric hand-lead loading.
Dose of lead
Dose, for the cohort split by risk area, was best described by a model that gave an increasing dose per body mass per day (mg/kg/day) peaking at approximately 12 months then falling away (parameters given in Table 4 ). Using the dose model to estimate lead uptake (based on ICRP default fraction absorbed of 45%) a slope factor, which included an intercept, was obtained for high-and low-risk areas, respectively: 0.75 and 0.94 mg/dl per mg/day (i.e., 7.6 and 8.9 mg/dl per mg/kg/day). An estimate of the fraction of dose from air was o2% (assuming 50% absorption) based on South Australian EPA (2004) annual ambient lead in air averages of 0.11-0.45 mg/m 3 in high-risk areas (unpublished indoor air seven day average concentrations of lead (PM 10 ) has been found to be 0.2-0.3 mg/m 3 in occupied houses located in high-risk areas). The plausibility of hand-mouth transfer was also explored. The median loading of 293 mg/m 2 corresponding to 7.3 mg total mass (interquartile values 218-1271 mg/m 2 ) was found at 12 months with an average blood-lead level of 12.1 mg/dl. These parameters corresponded to an estimated oral dose of 4 mg/kg/day. Based on these data and assuming an infant of 12 months spends 9.4 h awake (Brinkman et al., 1999 ) and weighs 9.5 kg (O'Flaherty, 1995) a complete loading and mouthing cycle would need to occur every 108 min. However, since it is not reasonable to assume complete removal of lead nor complete swallowing, it was estimated that if 5% of the lead was transferred and swallowed (10% of hand mouthed and 50% lead swallowed) (i.e., 0.365 mg/event in this example), then a cycle of 11 times per hour (while awake) would be required to give a complete daily dose of lead. Given that fingers are 7-14% of the total hand surface (Cowan and Conley, 1973) , it is quite plausible that the cycling rate is achievable merely by mouthing a couple of fingers each event.
Discussion
Although increases in blood-lead from early infancy have been recognized for some time (e.g., McMichael et al., 1985; Rabinowitz et al., 1985) , in general the focus has been on the age when infants walk, which also coincides with peak blood-lead levels. For neonates and very young infants the mechanism of exposure to lead has been poorly examined. The blood-lead of every infant in this study increased, usually within a month or so of birth with all except one infant exceeding 10 mg/dl. This indicates the extent of the contamination in Port Pirie and the ubiquitous presence of lead in their living environment. The most plausible exposure route for the older child is via the surface-mouth route (e.g., Roels et al., 1980; Lanphear and Roghmann, 1997; Succop et al., 1998) , although contamination of milk, food, or via respiration may offer important routes. Work by Kranz et al. (2004) indicates that even in the very young infant the exposed extremities are easily contaminated by lead. The data reported in this study clearly indicate that sufficient lead is being ingested to arrest the fall in blood-lead within 8 weeks of birth and drive the body burden upward, for at least the first 12 months of life.
The most plausible exposure route of these young infants is contamination of hands that are mouthed from a very young age. Breast milk, except from one mother, was too low to be a major contributor of lead dose. Respiration was estimated to be no more than 2% of the dose in these young infants. Given that even large lead particles only need reach the posterior of the nose in order to travel to an absorptive surface, whether lung or gut (Hsu and Swift, 1999) , inhalation may be important, especially among infants close to the floor where in-trained large particles may be present. However, given the level of contamination of hands, evidence is strongly supportive of the hand-mouth route as being the major route. An alternate explanation is lead from bone leached into the blood over time, which has been deposited during pregnancy (Gulson et al., 1999) . However, modeling using the ICRP model indicated the bones did not have sufficient lead to solely cause the observed peak blood-lead levels. Indeed, in the modeling scenario lead concentrations fell in all blood compartments for the first 20 days as it repartitioned to soft tissues and bone (Figure 4) .
One question of interest, because it might lead to an understanding of why the blood-lead levels rose, is: why did the blood-lead level fall for 30-90 days from birth? The fall could be due to clearance from the blood compartment exceeding dose. With time dose increases sufficiently to overcome this with a resulting rise in blood-lead. Factors that influence the clearance of lead from the blood and the body as a whole are also not entirely clear. Many of the differences lay in the handling of lead by bone, with the bone uptake from blood being much greater in the growing infant due to the rapid bone turnover and addition of calcium to bone (Leggett, 1993) . Other factors such as the changing affinity of lead for binding sites in erythrocytes may also alter lead disposition in the infant. Lead binds to a number of components within the erythrocyte with fetal hemoglobin having a higher affinity for lead than adult hemoglobin (Ong and Lee, 1980) . This suggests that the erythrocytes of neonates should be able to store more lead than infants. In addition hematocrit is somewhat higher in the neonate (at birth 51% falling to about 35% at 6 months (Avery et al., 1994) ). It is hypothesized that the total binding capacity of blood probably decreases over the first 6 months leading to a redistribution of lead among other tissues including the eliminating organs: the kidney and liver. Other factors such as changes in renal and hepatic function along with fluid redistribution may also have contributed to the fall in blood-lead. For the blood-lead level to rise there needs to be sufficient dose to cause accumulation. Given the baby is growing rapidly, this means the dose needs to increase at a rate that overcomes increases in volume of organs, altered kidney and liver function and changes to the gut. Hence, the dose per mass of infant needs to rise very steeply in the first 12 months as the infant weight nearly triples. The mechanism for the rise in dose appears related to motor development. As the child becomes more mobile there is an increased chance of body surfaces becoming contaminated along with an increased efficiency in mouthing behavior. The latter point is speculative: observation of neonates and young infants suggest that as fine motor movement is developed the intensity of the mouthing increases, however, it has been found that frequency of mouthing vary little in the first 2 years of life (Tulve et al., 2002; Black et al., 2005) . The plateau in blood-lead is brought about by a reduction in dose per unit body mass. Data from this study indicates a lower hand-lead loading in the older infant, and clearly other dosedelivery activities such as mouthing tend to be attenuated in the older infant (Brinkman et al., 1999; Black et al., 2005) . However, data from most studies indicate a wide variability in mouthing with no great attenuation between 12 and 18 months corresponding to the plateau for blood-lead levels. This suggests a combination of events that reduces dose delivery. Additional modeling of data from this study found that if weight did not increase from 12 months then bloodlead levels would be 28-39% higher than found. This highlights the importance of weight gain in preventing bloodlead levels rising more rapidly than they did, an aspect that is perhaps overlooked.
One objective of the study was to investigate if one development stage was more important than another in . Predicted blood lead levels using ICRP kinetic model (Leggett, 1993) with close model as described in text vs. geometric mean blood-lead levels split by risk area (high-risk, open circles; lowrisk, closed circles).
determining the extent of the exposure. The data presented here shows there is clearly a continuum of exposure that increases with age, reflected by a steady change in blood-lead levels. A significant finding was the plateau that occurs at walking. It is hypothesized that hands of young infants are in contact with surfaces such as carpet the majority of the time while crawling or creeping. Once walking unaided there are fewer contacts with heavily contaminated surfaces, and therefore a reduction of the ingested dose occurs. Of course, mouthing still occurs and with the extended range of the infant, once walking, the potential for heavy exposure by other scenarios such as outdoor dust and soil ingestion is increased. This indicates that prevention of contamination of hands is important, and as suggested by others, the removal of contaminated surfaces provides the best amelioration strategy (e.g., Succop et al., 1998) . Further to this, Succop et al. (1998) stated that a reduction in hand-lead from 10 to 1 mg per two hands would produce a 14 mg/dl fall in bloodlead level. Using infant data presented in this paper a fall in hand-lead from 10 to 1 mg would produce approximately a 6.2 mg/dl fall in blood-lead (using geometric mean blood-and hand-lead). These data clearly indicate the difference between Port Pirie children and those in houses not being contaminated from active smelter sources. It is interesting to note that Succop excluded Cincinnati (USA) soil lead study and Trail (Canada) data as outliers. In our study, infant hand-lead loadings were similar to literature values where gross environmental contamination had occurred (e.g., Bornschein et al., 1986; Hilts et al., 1995; Manton et al., 2000) . The limitation of the study was that hand-lead loadings were not taken in the first three sessions as it was believed at the beginning of the study hand loadings would be insignificant. Our study, like others, showed handlead loadings are indicative of the environment's lead loading (e.g., Davies et al., 1990) . Estimating exposure by taking multiple media samples can be complex but hand-loading offers a method that gives a reasonable estimate of exposure, being an integrator. Four factors support this: (1) the relationship between blood-and hand-lead, (2) the relationship between the hand-loading and location of infant at time of test, (3) the close relationship between the mother and the child and, (4) the extreme narrow range found in the twins.
Infants had higher hand loadings than their mothers, but not their fathers, noting that the latter were not routinely measured. This suggests either a concentrating effect by the infant or the existence of a concentration gradient in the house, with the infant residing in the higher end of the gradient and the mother in the lower extremity. We have no evidence to prove or refute the former hypothesis. In the Cincinnati study, a gradient existed from outside to the midst of the dwelling (Bornschein et al., 1986) , which was proven in Port Pirie homes by Kutlaca (1998) who found gradients within rooms, in particular between surfaces proximal to windows and doors and those distal from these openings. This study and that by Kranz et al. (2004) suggests a close paralleling between the mother's and the infant's environment. Intuitively this is probably correct given the infant's close association with the mother, especially in the first few months of life. The fact the two appear to reside in the same ''lead'' environment, albeit at different levels, is further demonstrated by the good correlations between AUC of the infant and mothers hand-lead loadings. The correlation between the infant and mothers hand-lead was good at each age, but the study was limited by its small size to explore this aspect further. Although there were fewer adult male data, those collected indicated a distinctly different environment. This is not surprising considering the adult males in this study were not principal child carers and usually spent considerable time outside the home.
The twins seemed to load their hands to the same extent, irrespective of variations in the conditions: for example, the exact time the last mouthing incident had taken place, the degree of hand moisture, the exact location of play etc. Hence, hand-lead loadings, although mere points in time, appear to be relatively robust in determining the exposure potential. These findings suggest that hand-loadings alone may be useful in determining risk, and may be a useful measure prior to the birth of the infant, so that appropriate strategies could be put into place to remediate or at least attenuate the exposure risk. A better understanding of the individual's variations in loadings is required before this could be put into practice.
The simple model used to test the plausibility of handmouth activity being sufficient to dose the infant appears useful and an important step in any mechanistic explanation for the exposure. In the scenario presented in this study, respiration was found not to be a major route, although further in-house measurements of lead in air are needed because gradients may exist, especially from resuspension (Ferro et al., 2004) . The data lacking in the model is the actual mass of lead transferred from a hand to the gut, given a certain loading, along with a method to quantify ingestion exposures of children (Cohen Hubal et al., 2000) . Although there are data on mouthing rates, the surface area actually mouthed in each event along with the transfer efficiency is difficult to measure. Our model indicates the required mouthing rate of approximately 11 times per hour, with a maximum of two fingers per event, is well within the range determined by Tulve et al. (2002) . There are also other surfaces mouthed by infants that have somewhat different lead loadings from the hands, each contributing to the dose.
It is often assumed that the dose of lead rises by small increments when in fact the dose may be highly variable. The normal regimen may consist of a few large doses interspersed amongst a number of lower doses. For instance, if the hands were loaded near the 90 percentile level once daily (e.g., 1825 mg/m 2 for a 12 month child in this study) a quarter to half of the daily dose could be delivered in one event. If this was the case, identifying reasons for the extreme loadings may be more important than reducing the ambient lead levels in the infant's environment.
This study was too limited to identify all of the factors that influence exposure. Within the power of the study three major predictors of blood-lead were identified: age of infant, hand-lead loading of mother or infant, and location of residence. Also mothers with high pre-natal blood-lead levels usually had infants that developed high blood-lead levels. The data also shows that, in essence, the increments in dose of lead are related to maturation of the motor system (perhaps by increased efficiency of contaminating dermal surfaces and the efficiency of mouthing). Further, the study indicates the importance of measuring lead levels at an early age, if not prior to birth, to enable implementation of strategies to ameliorate exposure. To this end the Port Pirie Lead Implementation Program now tests mothers ante-and postnatally and infants at age 6 and 12 months then near birthdays and if blood-lead has exceeded 10 mg/dl at any time, at additional intervals, with case-management of clients if blood-lead exceeds 6 mg/dl at 6 months of age.
Proximity to the smelter, as explained by others (Roels et al., 1980; Calder et al., 1994; Baghurst et al., 1998) , is the major determinant of the level of exposure to lead, at least in Port Pirie. There is also a possible interaction between house type and location, with older, less well-constructed houses being in the highest risk areas (being older suburbs). The consequence of the existence of high-risk areas can be dramatically demonstrated, as was shown when infant 11 was relocated. These data and others from the Port Pirie Lead Implementation Program indicate that relocation of infants is an important strategy in recalcitrant cases, although prohibitively expensive for all children. Location within the residence is also a contributing factor with infants found on the floor or outside the house having the highest hand loadings.
What needs to be determined are the factors that contribute to the ongoing contamination of the environment of the infant, especially if houses are remediated, so that recontamination can prevented. The Port Pirie Lead Implementation Program data indicate large reservoirs of lead in some houses, which are difficult to extract and keep clean. As ongoing emissions from the smelter continually adds to the environmental load they have become the main priority in the overall effort to reduce exposure to lead.
Conclusions
Our data demonstrates that for infants living in Port Pirie, exposure to lead increments from birth, demonstrated by a steady increase in their blood-lead. The data suggests the notion of a sea of lead in which there are gradients from which infants, even perinatally, cannot escape, especially when considering the minuteness of the dose required. Findings from this study indicate that the principal intervention strategy must be the reduction in ongoing contamination of the household environment followed by a comprehensive house remediation program. Further investigation of reservoirs of dust within homes is needed with a special regard in finding methods of both removing them and sustainably preventing recontamination.
